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Introduction
In humans and animals, amyloidoses are protein structural disorders characterized by the extracellular deposition of insoluble amyloid fibrils resulting from abnormal conformational changes [1] [2] [3] . Amyloid fibrils have a characteristic ultrastructural appearance and a β-pleated-sheets core structure [4] that consists of full length and/or fragments of either wild type or mutant proteins found in familial diseases [5, 6] . Several human diseases such as Alzheimer's disease, hemodialysis-associated amyloidosis, prion diseases, and familial amyloid polyneuropathy are associated with amyloid fibril deposition [2, 4] . To develop a therapeutic strategy for these disorders, it is essential to understand the mechanisms of amyloid fibril formation. Previous studies have proposed that a nucleation-dependent polymerization model could explain the general mechanisms of amyloid fibril formation in vitro [7] [8] [9] [10] [11] , but the exact mechanism that converts proteins into amyloid fibrils remains largely unknown.
Apolipoprotein A-II (apoA-II) is the second most abundant apolipoprotein following apolipoprotein A-I (apoA-I) in human and mouse plasma high-density lipoproteins (HDL), composing approximately 20% of the protein mass of human plasma HDL [12] [13] [14] . From multiple studies using transgenic mice expressing human or murine apoA-I, apoA-II, or combined apoA-I / apoA-II, it has been shown that apoA-II serves at least two functions; one is to modulate the structure and function of HDL by influencing hepatic Generating 'partial' peptides of amyloidogenic proteins, and analyzing their potential to polymerize into amyloid fibrils have previously provided information about the molecular mechanisms underlying the onset of amyloidoses and also revealed potential target sequence(s) for the prevention of amyloidoses [27] [28] [29] [30] [31] [32] [33] . In this study, we evaluate the ability of synthetic mouse apoA-II partial peptides to polymerize in vitro, and found two sequences of apoA-II critical for amyloid fibril formation. We demonstrate that the combination of N-and C-terminal sequences of mouse apoA-II and the conformational change of their secondary structure are essential for polymerization into AApoAII amyloid fibrils, and that different mechanisms may govern nucleation and extension reactions in fibril formation.
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Reaction mixtures were used for a ThT binding assay, and to determine the structures of amyloid fibrils using TEM after incubation.
ThT binding assay
Endogenous AApoAII amyloid fibrils isolated from livers of mice had optimum ThTfluorescence intensities at the excitation and emission wavelengths of 450 nm and 482 nm, respectively, with the binding solution containing 250 nM ThT and 50 mM glycineNaOH buffer (pH 9.0) at room temperature (22-27˚C) [34, 36] . Because the highest spectra of ThT-fluorescence intensities of reaction mixtures were 480-484 nm at excitation wavelengths of 450 nm in the preliminary tests (data not shown), we performed the ThT binding assay under the same conditions used for endogenous AApoAII amyloid fibrils with a fluorescence spectrophotometer (RF-5300PC, Shimadzu Corporation, Tokyo, Japan). Measurement mixtures were in a total volume of 1 ml, containing 2.5 or 5 µl aliquots of the reaction mixtures, 250 nM ThT, and 50 mM glycine-NaOH buffer (pH 9.0). After briefly mixing the solutions at room temperature, the ThT-fluorescence intensities were measured. Each reaction mixture was assayed in triplicate, and the average was calculated.
Microscopic analyses
For TEM experiments, the reaction mixtures were spread on carbon-coated grids and allowed to stand for 1-2 min before excess solution was removed with filter paper. After drying, the grids were negatively stained with 1% phosphotungstic acid-NaOH (pH 7.0), incubated briefly, and blotted with filter paper until dry. These samples were examined under an electron microscope (1200 EX, JEOL, Tokyo, Japan) with an acceleration For observations under LM, the reaction mixtures were applied on silanized slide glasses, dried overnight in a 37˚C dry box, and stained with 1% Congo-red dye in 80% ethanol for 30 min. These samples were observed for apple-green color birefringence under polarized light using a light microscope (Axioskop 2, Carl Zeiss Japan, Tokyo, Japan).
LC/MS/MS analysis
Aliquots of the reaction mixtures of synthetic peptides were centrifuged at 1.61 × 10 4 g (1.3 × 10 4 rpm) at 4˚C for 3 h using a high speed refrigerated microcentrifuge, and the pellets were stored in a -80˚C deep freezer immediately after the supernatants were removed. The pellets were re-dissolved in 99% formic acid and diluted with 2% formic acid / 2% acetonitrile, and analyzed by HPLC and/or LC/MS/MS as described previously [37] . The sample solutions were analyzed using the Applied Biosystem HPLC system A C C E P T E D M A N U S C R I P T
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Corporation, Massachusetts, USA).
Circular dichroism (CD) analysis
Far-UV CD spectra (190-250 nm) of synthetic peptide(s) were measured with a spectropolarimeter (J-725, JASCO, Tokyo, Japan) at 25˚C as described previously [38, 39] . The solutions for spectroscopic measurements contained 50 µM peptide(s), 50 mM buffer, 100 mM NaCl, and 0.5% hexafluoroisopropanol as final concentrations.
Buffers used were sodium citrate buffer (pH 2.5), sodium acetate buffer (pH 4.5), or sodium phosphate buffer (pH 7.0). To measure the changes in the CD spectra following polymerization of the synthetic peptides, the CD spectra of N-and C-terminal peptides 
Results
Polymerization of synthetic partial peptides into amyloid fibrils
We examined fibril formation of synthetic partial peptides of mouse apoA-II in vitro (Fig. 1) . ThT-fluorescence intensities of the reaction mixtures containing 50 µM of Nand C-terminal peptides (c16p + 48/65) were stable up to 1 h of incubation at pH 2.5, and then increased until they reached a plateau phase after 6 h ( Fig. 2A) . Abundant amyloid fibrils with characteristic structures were observed in these reaction mixtures after 21 h and 3 days incubation at pH 2.5 using TEM, and apple-green birefringence was observed in the mixture stained with Congo-red under polarizing LM ( Fig. 2B and Supplementary   Fig. S1A ). HPLC and LC/MS/MS analysis revealed that amyloid fibrils formed in the reaction mixture containing c16p and 48/65 had both peptides in a 1:1 ratio (Fig. 2C) .
When c16p + 48/65 mixtures were incubated at pH 4.5 or 7.0, ThT-fluorescence intensities increased less than the intensities at pH 2.5 ( Fig. 2A, 2B and Supplementary   Fig. S2 ). The fluorescence intensities of the reaction mixtures containing solely c16p or 48/65 were relatively unchanged even after 24 h incubation at a higher concentration of 300 µM at pH 2.5 ( Fig. 2A) . None of the synthetic peptides shown in Fig. 1 polymerized into amyloid fibrils when used as a single species mixture (data not shown).
To further study the amyloid fibril formation in acidic conditions, we measured the far-UV CD spectra of c16p and 48/65 peptides within 5 min (immediate phase) after mixing them at pH 2.5 ( Fig. 3) . The CD spectrum of c16p alone (c16p) exhibited one negative peak at 200 nm, and that of 48/65 alone (48/65) exhibited one negative peak at 216-222 nm following a typical pattern of β-structure and β-turn. The CD spectrum of the mixture of these peptides (c16p + 48/65) showed almost the same shape as that of the changed greatly and exhibited one broad and negative peak at 216 nm (Fig. 3A) . The CD spectra of c16p + 48/65 in immediate phase and overnight phase at pH 4.5 and 7.0 showed different confirmations from those at pH 2.5 ( Fig. 3B ).
Higuchi and co-workers suggested the important contribution of the N-terminus of apoA-II to amyloid fibril formation from the greater amyloidogenicity of pro-apoA-II with 5-extra-amino acids at N-terminus and type C apoA-II protein with Gln at position 5 from N-terminus [22, 40] . We compared the polymerization characteristics of a propeptide c16p
with several N-terminal c16p deletions ( Fig. 4A and 4E) . Secondly, we examined polymerization of N-terminal deletions with a C-terminal deletion. In general, it has been believed that Gln is an amyloidogenic amino acid, and that Pro is a β-sheet breaker [41] [42] [43] [44] [45] . We found that ThT-fluorescence intensities of reaction mixtures of short N-terminal peptides whose C-terminal was Gln at position 8 or 13 (c8p or c13p, respectively) increased much less compared with the intensities of the reaction mixture of Fig. 4B) . The fluorescence intensities of the reaction mixture of c15p without Gln at position 16 did not increase, and the characteristic structure of amyloid fibrils could not be detected ( Fig. 4C and 4E) . In previous in vivo studies, we suggested that differences in amino acids, in particular
Gln at position 5 of type C apoA-II protein, have considerable influence on amyloidogenesity of apoA-II protein [19, 24, 25] . In light of these observations, we examined polymerization of the N-terminal peptide (b16p) of type B apoA-II with Pro at position 5 (Fig. 5) . ThT-fluorescence intensities of the reaction mixture containing b16p and 48/65 were stable up to 1 h of incubation at pH 2.5, and then increased until they reached a plateau phase after 6 h ( Fig. 5A and Supplementary Fig. S1B ). There was no difference in the kinetics of amyloid fibril formation between c16p ( Fig. 2A) and b16p.
ThT-fluorescence intensities increased only slightly after incubation at pH 4.5 and 7.0. 
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Abundant amyloid fibrils with characteristic structures were observed in the reaction mixtures of b16p at pH 2.5 using TEM, and apple-green birefringence was observed in the mixture stained with Congo-red under polarizing LM ( Fig. 5B and Supplementary Fig.   S1B ). without mid-section peptides ( Fig. 6B and 6C ).
Next
Extension of amyloid fibrils by synthetic partial peptides
We investigated the extension of amyloid fibrils with synthetic peptides when premade amyloid fibrils were added in the reaction mixture as seeds. Amyloid fibrils were peptide (b16p) with Pro at position 5 had the same properties as c16p in the nucleation and extension phases and formed amyloid fibrils with a similar seeding ability and structure as amyloid fibrils made from c16p under acidic (pH 2.5) conditions. We did not find a difference between c16p and b16p even when they were incubated with the 48/65 at pH 4.5 or 7.0. These results suggest that Gln at position 5 might not be an important amino acid for polymerization under the conditions described here. Our previous report found that type B apoA-II acted as an active inhibitor of amyloid fibril extension of type C apoA-II in vivo [53] . Genetic analyses suggested that the ability of type B apoA-II to increase cholesterol levels was due to an Ala to Val substitution at position 38 [54] . Thus, we examined the contribution of interior peptides with a substitution at position 38 NaCl, and 5% DMSO as a final concentration. After brief blending, the reaction mixtures were incubated with agitation at 300 rpm in a shaker at 37˚C. Aliquots of the reaction mixtures were spread on carbon-coated grids, and were negatively stained with 1% phosphotungstic acid-NaOH (pH 7.0). These samples were examined under an electron microscope (1200 EX, JEOL, Tokyo, Japan) with an acceleration voltage of 80 kV. 
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